The nucleosynthesis and ejection of radioactive 26 Al (t 1/2 ∼ 0.72 Myr) and 60 Fe, (t 1/2 ∼ 2.5 Myr) into the interstellar medium is dominated by the stellar winds of massive stars and supernova type II explosions. Studies of meteorites and their components indicate that the initial abundances of these short-lived radionuclides in the solar protoplanetary disk were higher than the background levels of the galaxy inferred from γ-ray astronomy and models of the galactic chemical evolution. This observation has been used to argue for a late-stage addition of stellar debris to the Solar System's parental molecular cloud or, alternatively, the solar protoplanetary disk, thereby requiring a special scenario for the formation of our Solar System. Here, we use supercomputers to model-from first principles-the production, transport and admixing of freshly synthesized 26 Al and 60 Fe in starforming regions within giant molecular clouds. Under typical star-formation conditions, the levels of 26 Al in most star-forming regions are comparable to that deduced from meteorites, suggesting that the presence of short-lived radionuclides in the early Solar System is a generic feature of the chemical evolution of giant molecular clouds. The 60 Fe/ 26 Al yield ratio of ≈ 0.2 calculated from our simulations is consistent with the galactic value of 0.15 ± 0.06 inferred from γ-ray astronomy but is significantly higher than most current Solar System measurements indicate. We suggest that estimates based on differentiated meteorites and some chondritic components may not be representative of the initial 60 Fe abundance of the bulk Solar System.
INTRODUCTION
Due to the low opacity of the Milky Way to γ-ray emissions from the radioactive 26 Al and 60 Fe nuclei, γ-ray observations provide estimates of the mean 60 Fe and 26 Al abundances in the Galaxy. Combined with galactic chemical evolution models, these observations can be used to determine the steady-state abundance of 26 Al and 60 Fe in the interstellar medium and, importantly, a robust estimate of the 60 Fe/ 26 Al ratio of the Galaxy (Diehl et al. 2006; Wang et al. 2007 ). Meteorites and their components, including the Solar System's first solids-calcium-aluminum-rich inclusions (CAIs)-contain evidence for an early presence of 26 Al and 60 Fe at levels that were apparently higher than expected from the galactic background abundance, especially for 26 Al Huss et al. 2009 ). Moreover, the variable initial abundances of 10 Be, a short-lived radionuclide uniquely synthesized by spallation reactions, in CAIs recording uniform initial 26 Al/ 27 Al values indicate that no more than ∼2.5% of the solar system's 26 Al inventory may have been produced by local irradiation processes (Kennicutt & Evans 2012) . These observations are interpreted as reflecting a late-stage contamination of the nascent Solar System from a nearby supernova (Goswami 2004) . However, the majority of Sun-like stars form in cold and dense molecular cloud regions encapsulated in Giant Molecular Cloud (GMC) structures (Kennicutt & Evans 2012) , an astrophysical envi-1 Centre for Star and Planet Formation, Natural History Museum of Denmark, University of Copenhagen, Østervoldgade 5-7, 1350 Copenhagen Ø, Denmark 2 Niels Bohr Institute, University of Copenhagen, Blegdamsvej 17, 2100 Copenhagen, Denmark ronment different from that of the average galactic interstellar medium (ISM). Therefore, an overall galactic abundance level of 26 Al and 60 Fe is not necessarily representative of levels encountered in star-forming regions, where the cold and dense gas out of which stars form may inherit material enriched in freshly synthesized matter by nearby, recent generations of stars.
To better understand the abundance levels of 26 Al and 60 Fe in star-forming regions, we used three-dimensional magnetohydrodynamic models of self-gravitating GMCs to simulate the time-integrated production and ejection of these radioactive species via the supernova and stellar wind mechanisms of ensembles of stars, tracking their incorporation into star-forming clumps. In these simulations, the ISM is assumed to be driven by the kinetic energy originating from supernova input, as well as from larger, galactic-scale, density perturbations, producing giant molecular clouds with morphology and kinematics controlled by gravo-turbulent fragmentation. A hierarchical structure results, with GMCs containing smaller scale cold Molecular Cloud (MC) fragments, which in turn contain filamentary structures where sufficiently dense and massive pre-stellar cores may become gravitationally unstable and collapse into new-born stars, with initial masses distributed according to an Initial Mass Function (IMF, Padoan & Nordlund 2002; Chabrier 2005) . Sufficiently massive stars explode as supernovae after a few million years, enriching their surroundings with freshly synthesized metals as well as contributing kinetic energy back into the ISM.
METHODS
We use periodic simulation boxes with sizes ranging from 40-80 pc, filled with self-gravitating, magne-tized gas of average mass density consistent with Larson's mass-size relation (Larson 1981) ; this results in H 2 number densities between 30 and 15 cm −3 , corresponding to total masses ∼ 10 5 and 4 · 10 5 M ⊙ respectively.
Experiments are initialized with the unigrid magneto-hydrodynamics stagger code (see ) that includes statistical star formation and individual supernova explosions, with tracking of yields (Limongi & Chieffi 2006) Norris et al. 1983; Rugel et al. 2009 ). Solar abundances (Asplund et al. 2009 ) are assumed for the stable reference isotopes 56 Fe and 27 Al. Bit-wise identical simulation runs are executed in pairs, differing only in half-life and yields. Because the passive scalar does not affect the dynamic evolution of the simulation short-lived radioisotope (SLR) data from different runs can be superimposed.
The periodic boundary conditions represent a GMC fragment surrounded by similar or larger amounts of nearby gas, with the surrounding gas pressure preventing break-up due to supernova explosions and other feedback processes; GMC life times are consistent with the 'star formation in a crossing time' paradigm (Elmegreen 2000 (Elmegreen , 2013 . The view that feedback is very important for cloud breakup, while popular, is actually not supported by convincing, large scale numerical experiments . Inertial forcing from larger scales is replaced our model by solenoidal forcing in a shell of low wavenumbers (Padoan & Nordlund 2002) , here 1/L ≤ k/2π ≤ 2/L, producing velocity dispersions of the cold and dense medium consistent with Larson's velocity relation (Larson 1981) . Heating and cooling is modeled as schematic heating by UV-photons (Osterbrock 1989) quenched in dense gas according to the recipe of Franco & Cox (1986) , and an optically thin cooling function consistent with Gnedin & Hollon (2012) . Connected cold and dense regions of sufficient mass (> 10 3 M ⊙ for occasional formation of 10 2 M ⊙ stars) are converted to stars at a given star formation rate, ε, with an IMF-distribution of masses consistent with Padoan & Nordlund (2002) . The star formation rate per unit free fall time ε was varied from 0.02 to 0.1, covering a range consistent with observations, numerical models, and theory (Murray 2011; Krumholz & McKee 2005) .
Stars > 8 M ⊙ are followed until they explode as Type II supernovae, after lifetimes interpolated from Meynet et al. (1994) . Supernovae are assumed to release 10 51 erg of thermal energy, distributed in a mass corresponding to the entire mass of the progenitor star. We combine the small expected integrated wind yields into the generally larger supernova yields. Supernovae explosions result in initial temperatures of ∼10 8 K and initial expansion velocities of ∼1000-3000 km s −1 , which for brief periods of time enforce time steps ∼years. To allow the initial state of constant density and zero velocity to develop into realistic GMC initial conditions, we let the forcing generate a supersonic velocity field with average velocity dispersion consistent with Larson (1981) , and wait until density fluctuations generate a first generation of stars, where the most massive stars already begin to explode as supernovae.
When supernova driving of the medium becomes significant a snapshot is passed to a locally-modified version of the adaptive mesh refinement code ramses (Teyssier 2002; Fromang et al. 2005) , with stellar lifetimes, supernova yields, and ISM heating and cooling consistent with that used in the stagger parts of the experiments. In ramses experiments there is no external driving and star formation is handled individually, with new-born stars represented by accreting sink particles Padoan et al. 2012 ). The ramses code allows for tracking the transport of several nuclides in a single simulation. Massive stars are tracked until they explode as Type II supernovae. We use a 128 3 root grid and refine to a local resolution corresponding to 4096 3 (cell size at the highest refinement level ∆s ≈ 0.01 pc ≈ 2000 AU). Tests with 256 3 ramses root grids and corresponding stagger code resolutions did not give significantly different results.
ENHANCED ABUNDANCES OF 26 AL AND 60 FE IN EVOLVING GMCS
We find that ∼10 Myr of evolution is needed for the model GMC to develop properties similar to young GMCs, where most of the massive stars are waiting to explode as supernovae. Over the next ∼20 Myr, the results show a gradual increase of supernova feedback, with levels of both kinetic energy and average yields behaving in a similar way. This time interval represents the lifetime of the model GMC where we track the production, transport and admixing of stellar-derived 26 Al and 60 Fe into cold and dense star-forming gas. Over this time period, consistent with estimates of GMC lifetimes (Murray 2011 Figure 2 shows ramses results for the 5-10 Myr interval of the model GMC, computed with a finest grid resolution of 0.01 pc, which allows us to trace the concentration of 26 Al in cold and dense gas accreting to individual stars. The average 26 Al abundance during that time period is comparable to that obtained with the lowresolution stagger code although the variability of the 
Al/
27 Al values is greater in the high-resolution ramses case, which is able to maintain larger amplitude inhomogeneities inside the compact molecular cloud structures. We note that gas accreting onto our 'sink particle' representation of stars do so at densities ∼ 10 7 cm −3 . These contributions shows similar levels of 26 Al-within the rather large statistical spread-as that of the average star forming gas, sampled at ∼ 10 4 cm −3 . This illustrates that, although inefficient, star-formation in cold molecular clouds is a locally rapid process, occurring on time scales of order crossing times (Elmegreen 2000) . Thus, we infer that the enhanced abundance of 26 Al and 60 Fe in star-forming gas observed in our simulations-as compared to the average galactic abundances-is a generic feature of the chemical evolution of GMCs. Figure 3 shows the ratio of 60 Fe to 26 Al in star-forming gas and individual supernova ejecta, as well as the ratio of accumulated yields at any one time. The latter pro- vides a direct estimate of the ratio of expected γ-ray line fluxes, since the large majority of ejected radioactive 26 Al and 60 Fe nuclei will have had time to decay. For both the stagger and ramses simulations, the predicted 60 Fe/ 26 Al ratio of total yields is slightly less than 0.2, consistent with the observed γ-ray line flux ratio of 0.15±0.06 (Wang et al. 2007 ). The instantaneous ratio of average number densities of 60 Fe and 26 Al is larger by the ratio of their half-life, 3.6. Moreover, the average 60 Fe/ 26 Al ratio in star-forming gas is expected to be larger than the global average, reflecting the time required for hot supernova ejecta to be converted into dense star-forming gas. Collectively, this implies that the expected average 60 Fe/ 26 Al ratio in star forming gas is typically considerably larger than 0.2 (Figure 3 ).
TIMESCALES AND MODE OF ADMIXING SUPERNOVA EJECTA INTO STAR-FORMING GAS
The current perception of transport and mixing of chemical yields in supernova-driven ISM is that this process is rather inefficient, leading to mixing timescales that are longer than the typical lifetime of GMCs (de Avillez & Mac Low 2002) . However, these simulations are based on the passive seeding of particle tracers to a turbulent medium and, therefore, the tracer particles are unrelated to the supernova events driving the ISM. In contrast, our code allows for linking passive scalars and particle tracers used as proxies for 26 Al and 60 Fe with the kinetic energy of individual supernovae, thereby providing realistic timescales for the transport and admixing of supernova ejecta into star-forming molecular gas. For example, transfer of kinetic energy to the general ISM from slowed-down SN ejecta drives additional compression and conversion to turbulent, cold MC gas, which imparts collapse of some gas fraction within its dynamical timescale. To illustrate the rapid incorporation of supernova-derived 26 Al and 60 Fe into star-forming regions we show in Figure 4 accumulated fractions of initially hot supernova ejecta that reached cold, dense, and potentially star-forming gas, after a given time. These results indicate that in some cases (of the order 1%; cf. Fig. 4) , only a few 100,000 years are needed for part of the supernova yields to be incorporated into self-gravitating cores. A significant fraction of supernova ejecta (5-10%) has been transformed into star-forming gas over a timescale of only 1-2 Myr.
To better understand how stellar yields are transported into star-forming regions, we show in Figure 5 examples of projected total and 26 Al number densities during the expansion of a supernova bubble over a time interval of 1 Myr. Star-forming molecular cloud fragments are visible as filamentary structures in the total number density projections, and these do not change dramatically during the 1 Myr period. In contrast, the supernova bubble expands to cover a significant fraction of the gas volume. As illustrated by the right hand side panels, where the upper two panels have the same absolute normalization, These results were obtained by launching, at the time of supernova explosions, a set of trace particles that travel passively with the ejecta, following them until they were in dense, potentially starforming gas.
supernova ejecta quickly become part of the star-forming cold medium. The lower two panels, which represent the same time interval as the middle panels, show exclusively dense (N > 3 10 3 cm −3 ) and cold (typically less than 300 K) gas, emphasizing that part of the new supernova yields have already been incorporated in that medium. This is because the kinetic energy and supernova yields travel together, becoming progressively admixed into the warm and cold phases of the ISM as the expanding supernova shells exchange momentum with the entrained ISM gas. Moreover, as the kinetic energy from supernovae is likely one of the main contributors to the supersonic and super-Alfvénic turbulence that causes protostellar collapse, supernova yields are naturally part of the less dense medium from which pre-stellar cores form. Thus, the presence of freshly-synthesized 26 Al and 60 Fe in star-forming regions does not require external seeding such as hypothesized in models where admixing of short-lived radioisotopes results from the interaction of a supernova shock wave with an un-contaminated prestellar core (Cameron & Truran 1977; Boss et al. 2010; Pan et al. 2012 ). (Jacobsen et al. 2008; Larsen et al. 2011 ). This ratio is comparable to the 26 Al/ 27 Al values of star-forming gas inferred from our simulations of evolving GMCs, in particular after 10 Myr of evolution, where average 26 Al abundances are similar to that of the nascent Solar System (Fig. 1b) . Although there is considerable debate in the literature regarding the initial abundance of 60 Fe at the birth of the Solar System (Tachibana et al. 2006; Krot et al. 2009; Telus et al. 2012 
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implies an initial
60 Fe/ 26 Al of ∼0.002 (assuming a solar 27 Al/ 56 Fe = 0.104, Asplund et al. 2009 ), which is much lower than the observed γ-ray flux 60 Fe/ 26 Al ratio of ∼0.2 as well as that of any star-forming gas sampled from our simulations (Fig. 3) . We consider three possibilities for this mismatch: (i) (Tang & Dauphas 2012) . This result is robust and model independent, in that the average ratio of the yields in the simulations agree with the galactic ratio, which is well constrained by γ-ray observations (Wang et al. 2007 ). As per the lower panel in Fig. 3 , local values of 60 Fe/ 26 Al below 0.10 are exceedingly rare. Thus, uncertainties in the supernova yields to account for the apparent low Solar System 60 Fe/ 26 Al ratio can be ruled out. Contributions to the gas subsequently forming the Solar System by winds of a massive star or an AGB star could result in the apparent low 60 Fe/ 26 Al inferred from some meteoritic studies, given that 60 Fe is not efficiently produced in these stellar environments. However, the space-time window of a star-forming region with gas of this low 60 Fe/ 26 Al ratio is small (Kastner & Myers 1994; Williams 2010) , requiring an isolated GMC pocket where 60 Fe has decayed away, and is in the neighborhood of a rare, very massive star, just before the end of its brief lifetime, or is in the close neighborhood of a stray AGB star when it emits an 26 Al-rich wind. Although this cannot be ruled out, we estimate from our simulations the probability of such event to be less than 10 −6 . Alternatively, the low initial Solar System abundance of 60 Fe/ 56 Fe inferred from differentiated meteorites (Tang & Dauphas 2012) may not be representative of the average initial abundance of 60 Fe in the Solar System. It has been proposed (Larsen et al. 2011 ) that large-scale heterogeneity in the initial abundance of 26 Al may have existed throughout the inner Solar System, with possibly up to 80 % reduction relative to the canonical initial 26 Al/ 27 Al ratio defined by CAIs. The 26 Al heterogeneity amongst inner Solar System objects has been ascribed to thermal processing of molecular cloud material (Trinquier et al. 2009; Paton et al. 2013) , which resulted in preferential loss by sublimation of a more volatile 26 Al-rich carrier, producing residual isotopic heterogeneity. Thus, CAIs represent samples of the complementary gaseous reservoir enriched in 26 Al by thermal processing, which resulted in the widespread 26 Al depletions observed among the inner Solar System bodies. If the 60 Fe carrier phase was significantly more volatile than the 26 Al carrier, then thermal processing would have effectively removed most of the 60 Fe from the inner Solar System solids, leading to a significant enhancement of the 60 Fe concentration of the gaseous phase at that time. If this interpretation is correct, we predict that CAIs, provided they are samples of a complementary gas reservoir, will define internal isochron relationships consistent with initial 60 Fe/ 56 Fe ratios of the order 10 −6 . The close agreement of the Sun's abundance pattern with that of solar-twins in the M67 open cluster (Önehag et al. 2011) suggest that our Solar System may have formed in a GMC giving rise to a similar high-mass cluster. The high 26 Al and 60 Fe concentrations in starforming gas indicated by our simulations of a comparable environment suggest that the presence of short-lived radionuclides in the early Solar System does not require an unusual formation scenario. Direct measurement of a 60 Fe/ 26 Al ratio in CAIs that is comparable to that deduced from our GMC simulations would give much credence to this proposal. 
